Symbiotic digestion of lignocellulose in higher termites (family Termitidae) is accomplished by an exclusively prokaryotic gut microbiota. By deep sequencing of amplified 16S rRNA genes, we had identified diet as the primary determinant of bacterial community structure in a broad selection of termites specialized on lignocellulose in different stages of humification. Here, we increased the resolution of our approach to account for the pronounced heterogeneity in microenvironmental conditions and microbial activities in the major hindgut compartments. The community structure of consecutive gut compartments in each species strongly differed, but that of homologous compartments clearly converged, even among unrelated termites. While the alkaline P1 compartments of all termites investigated contained specific lineages of Clostridiales, the posterior hindgut compartments (P3, P4) differed between feeding groups and were predominantly colonized by putatively fiber-associated lineages of Spirochaetes, Fibrobacteres and the TG3 phylum (wood and grass feeders) or diverse assemblages of Clostridiales and Bacteroidetes (humus and soil feeders). The results underscore that bacterial community structure in termite guts is driven by microenvironmental factors, such as pH, available substrates and gradients of O 2 and H 2 , and inspire investigations on the functional roles of specific bacterial taxa in lignocellulose and humus digestion.
INTRODUCTION
The gut microbiota of termites plays critical roles in the symbiotic digestion of lignocellulose (Watanabe and Tokuda 2010; Brune 2014) . While all evolutionary 'lower' termites are characterized by their unique association with cellulolytic flagellates, the gut microbiota of higher termites (family Termitidae) is entirely prokaryotic Brune and Dietrich 2015) . Unlike lower termites, which are primarily wood feeders, higher termites have specialized on lignocellulose in different stages of humification, including sound wood, grass, litter, humus and soil organic matter (Donovan, Eggleton and Bignell 2001; Eggleton and Tayasu 2001) .
The hindgut of termites is differentiated into five consecutive segments: ileum (P1), followed by enteric valve (P2), colon (P3 and P4) and rectum (P5; Noirot 2001) . With the exception of the fungus-cultivating Macrotermitinae, higher termites show not only a dilation of the P3 (homologous to the hindgut paunch of lower termites), but also of the P1 and P4, leading to a pronounced compartmentation of the hindgut. The gut region between midgut and P1 typically forms a 'mixed segment' that is composed of both mesenteric and proctodeal epithelia (Noirot 2001) .
In addition to the synapomorphies in intestinal anatomy among different subgroups, there are also convergent adaptations in hindgut morphology and physicochemical gut conditions that may have developed independently in response to a specialization on similar diets (Bignell and Eggleton 1995; Brune and Kühl 1996; Köhler et al. 2012) . Most conspicuous is the increased alkalinity of the anterior hindgut (P1), which commences in the mixed segment and is most extreme in humus-and soil-feeding species (Bignell and Eggleton 1995; Brune, Emerson and Breznak 1995; Brune and Kühl 1996) . It has been suggested to play a role in the pretreatment of lignocellulose or humus prior to its digestion in the posterior gut compartments (Bignell and Eggleton 1995; Brune and Kühl 1996; Köhler et al. 2012; Kumara et al. 2016) .
Several comparative studies have revealed distinct phylogenetic patterns in the gut microbiota of termites from different subfamilies (Dietrich, Köhler and Brune 2014; Rahman et al. 2015; Santana et al. 2015; Mikaelyan et al. 2015b) , but a recent survey involving a more comprehensive selection of termite species from different feeding groups identified diet as the primary determinant of bacterial community structure (Mikaelyan et al. 2015a) . In view of the strong differences between the bacterial communities associated with individual hindgut compartments of higher termites (Schmitt-Wagner et al. 2003a ; Thongaram et al. 2005; Köhler et al. 2012) , it is possible that the diet-specific patterns are caused by characterisitic microenvironmental conditions shared by members of the same feeding group, but the relationship between physicochemically distinct microenvironments and the distribution of major bacterial lineages remains to be systematically studied.
Comparative analysis of the compartment-associated communities would allow identification of the major drivers of community structure in individual gut compartments and improve our understanding of the functional role of the gut microbiota in the sequential process of lignocellulose digestion. Therefore, we determined the structure of the bacterial communities associated with each of the three major hindgut compartments (P1, P3 and P4) in nine species of higher termites using amplicon sequencing of 16S rRNA genes and a combination of taxonomybased and phylogeny-based approaches. The selected species represent different subfamilies of higher termites (Nasutitermitinae, Syntermitinae and Termitinae) and include representatives specialized on lignocellulose in different stages of humification, ranging from sound wood or grass to plant litter, humus and soil organic matter.
MATERIALS AND METHODS

Termites and sample preparation
Cornitermes sp. and Neocapritermes taracua were collected near the Petit Saut dam in French Guiana. Termes hospes and Microcerotermes parvus were collected near Pointe-Noire in the Democratic Republic of the Congo. Promirotermes sp. was collected in ARC-PPRI Rietondale Research Station, Pretoria, South Africa. Cubitermes ugandensis and Ophiotermes sp. were collected in Kakamega Forest Reserve, Kenya, and Trinervitermes sp. was collected on the campus of Jomo Kenyatta University of Agriculture and Technology, Kenya. Species identity was confirmed by sequence analysis of the gene encoding cytochrome oxidase subunit 2 (COII; for accession numbers, see Table 1 ). Termites (worker caste) were dissected with fine-tipped forceps within a few days of arrival in the laboratory in Marburg. For each termite species, each of the three major compartments (P1, P3 and P4) was pooled from 10-20 individuals in 2-ml tubes containing 750 μl sodium phosphate buffer (120 mM; pH 8.0) and homogenized. DNA was extracted from each compartment pool and purified using a bead-beating protocol as previously described (Paul et al. 2012) . DNA yield and purity in the extracts were assessed spectrophotometrically using the NanoDrop ND-1000 (Thermo Scientific, Schwerte, Germany).
Library construction and sequencing
The V3-V4 region of the 16S rRNA genes in each sample was amplified using the universal bacterial primers 343Fmod and 784Rmod (Köhler et al. 2012) , which were modified to include an M13-specific priming site at the 5 end (Daigle, Simen and Pochart 2011) . The cycle conditions for this first PCR step were as described previously (Köhler et al. 2012) . The resulting amplicons were used as template for a second PCR step using M13-specific primers tagged with sample-specific decameric barcodes (454 Roche, Branford, CT, USA), and Herculase II Fusion DNA Polymerase Kit (Agilent Technologies, Santa Clara, CA, USA). Cycle conditions and purification of the PCR products were as previously described (Mikaelyan et al. 2015a) . Samples were commercially sequenced (GATC Biotech, Konstanz, Germany) using a pyrosequencing platform (454 GS FLX Titanium) for C. ugandensis, Ophiotermes sp. and Trinervitermes sp. and an Illumina platform (paired-end; Illumina MiSeq) for all other species. The entire dataset was submitted to the NCBI Short Read Archive (PRJNA305127); for more details, see Table S1 (Supporting Information).
Processing of sequence data
Forward and reverse reads in the iTag libraries (generated by the Illumina MiSeq platform) were merged to form contigs using mothur (Schloss et al. 2009 ). Pyrotag reads and merged iTag contigs were processed for quality using the standard operating procedures described previously for 454 pyrosequencing (Schloss, Gevers and Westcott 2011) and Illumina (Kozich et al. 2013) libraries; only reads with a minimum length of 250 bp and an average phred quality score of 35 (using a 5-bp sliding window) were used for further analysis.
Although the two sequencing platforms show methodspecific differences in sequencing errors and sequencing depth, Luo et al. (2012) found that analyses of the same microbial community with the Roche 454 and Illumina HiSeq 2000 platforms provide a comparable view of the community sampled. This is supported by the high similarity we have previously observed between gut communities of closely related termites (M. parvus and Microcerotermes sp.) that were characterized using pyrosequencing and Illumina technologies (Mikaelyan et al. 2015a) . Since the amplicons were generated with the same primer pair, which targets the same (V3-V4) region of the 16S rRNA gene, the average length of the 454 pyrosequencing reads was roughly the same as the length of the assembled contigs generated with the Illumina platform, allowing to process all libraries in the same analytical pipeline.
The quality-checked sequences were separated into different fastq files by their sample-specific barcodes. After removal of barcodes and primers, sequences in each sample were clustered into operational taxonomic units (OTUs) at a 97% similarity threshold using DNACLUST (Ghodsi, Liu and Pop 2011). Gontijo and Domingos (1991) . e This termite is an inquiline of the soil-feeding C. ugandensis and presumable feeds on its mound material, which is composed of soil and feces.
Centroid sequences were selected as representatives of each OTU (preserving the number of reads in each OTU) and aligned with the mothur aligner, using the Silva reference alignment (SSURef release 119) as a template.
Analysis of community structure
OTU representatives from the libraries were classified using the RDP classifier (Wang et al. 2007 ) implemented in mothur with the Dictyoptera taxonomic reference database (DictDb) v. 3.0 (Mikaelyan et al. 2015b) , accounting for the number of reads in each OTU, and using a confidence cutoff set at 80%. Taxonomybased similarities of community structure were determined by calculating pairwise Morisita-Horn distances for all communities at the genus level and visualized using the arcdiagram package (Sanchez 2014) for the R statistical software suite (R Core Team 2015). Genus-level lineages were ranked based on their cumulative contribution to the loading factors in a principal component analysis of community similarity, as previously described (Dietrich, Köhler and Brune 2014) . Phylogeny-based similarities in community composition and structure were determined using the unweighted and weighted UniFrac metrics (Lozupone et al. 2007 ) implemented in mothur. In both cases, a maximum-likelihood tree constructed using FastTree (Price, Dehal and Arkin 2009) was used as input. Unifrac distances were analyzed by non-metric multidimensional scaling (NMDS) using the vegan package (Oksanen et al. 2015) in the R statistical software suite (R Core Team 2015) . Additionally, the pairwise distances were subjected to hierarchical cluster analysis using the hclust function in R and visualized as a dendrogram. Differences in community structure based on the Morisita-Horn and weighted UniFrac metrics among particular a priori groups, which resolved into clusters in NMDS and hierarchical cluster analysis, were tested using multi-response permutation procedure (MRPP) implemented in the vegan package (Oksanen et al. 2015) for the R software suite.
Phylogenetic analysis of short reads
Representatives of OTUs from each sample that were classified as Candidatus Arthromitus with a confidence of ≥99% were subject to phylogenetic analysis with FastTree (Price, Dehal and Arkin 2009), using maximum-likelihood criteria with the general time reversible model. The relative abundance of each OTU was visualized in the tree as circles using the APE package (Paradis, Claude and Strimmer 2004) designed for the R software suite.
RESULTS
Quality processing of the amplicon libraries yielded (on average) about 6000 sequence reads for the pyrotag libraries and 40 000 reads for the iTag libraries (Table S1 ). Classification with the taxonomic framework of DictDb (Mikaelyan et al. 2015b ) successfully assigned taxonomic ranks to all reads in the libraries at the phylum level. Classification success decreased with taxonomic depth but remained high (77%-99%) down to the genus level (Table S1). Classification results at all taxonomic levels are shown in Table S2 (Supporting Information).
Major patterns at the phylum level
The bacterial microbiota in the different hindgut compartments of all termites included in this study consisted mostly of Firmicutes, Spirochaetes, Bacteroidetes and Proteobacteria, confirming previous results obtained with entire hindguts of higher termites (Mikaelyan et al. 2015a) . However, distribution and abundance of these and several other bacterial phyla differed markedly both between gut compartments and between feeding groups ( Fig. 1 ; Table S2 ).
One of the strongest compartment-specific trends concerns the distribution of Firmicutes, which accounted for the majority of reads in the P1 compartments of all termites investigated and consistently exceeded that in the posterior compartments (P < 0.03). Moreover, Firmicutes were significantly more abundant in the P1 compartments of humus and soil feeders (63%-75% of the reads) than in wood or grass feeders (40%-49% of the reads; P < 0.03).
Members of Firmicutes predominated also in the P3 compartments of humus and soil feeders (50%-61%) but accounted for a significantly smaller proportion of reads (3%-21%; P < 0.03) in wood or grass feeders. The opposite trend was observed for Spirochaetes, which were a minor component (4%-19%) in the P3 compartments of humus or soil feeders but dominated in the homologous compartments of wood or grass feeders (55%-76% of the reads; P < 0.03). In the wood-feeding Microcerotermes parvus and Nasutitermes corniger, the P3 compartments Relative abundance of bacterial phyla in the major hindgut compartments of higher termites. Samples are grouped according to major feeding groups. Gut compartments are color coded but schemes were not drawn to scale. Species IDs of the termite hosts are the same as those used in Table 1. had much higher abundances of Fibrobacteres (3% and 7%) and members of the TG3 phylum (5% and 18%) than in the grassfeeding Trinervitermes sp. and in all humus and soil feeders, where these phyla represented only small proportions (<1%) of the reads.
Also the P4 compartments of humus and soil feeders showed specific patterns in community structure at phylum level. While Firmicutes predominated in both groups (38%-57% of the reads), Bacteroidetes were more abundant in the humus-feeding species (25%-34% of the reads) than in the soil-feeding species (5%-13%). No obvious trends were encountered in the P4 compartments of wood-or grass-feeding termites. Firmicutes accounted for a majority of the reads in Trinervitermes sp. (39%) and N. corniger (22%), whereas they were much less abundant in M. parvus (6% of the reads), where the high proportion of Bacteroidetes (69% of the reads) surpassed by far even that observed in the humusfeeding representatives.
An exception to the apparently diet-specific patterns observed for each feeding group was the distribution of Planctomycetes, which were abundantly represented (8% of the reads) only in the P4 compartment of Ophiotermes sp. (but not in Cubitermes ugandensis, the other soil-feeding species). However, a previous study using fluorescence in situ hybridization with groupspecific oligonucleotide probes had identified 30% of the cells in the P4 compartment of C. ugandensis as members of a particular lineage of Planctomycetes (Köhler et al. 2008) , whose apparent absence from the amplicon libraries is explained by a known bias against the 16S rRNA genes of this particular lineage in the primer set used in our study (Köhler et al. 2012) .
Another exception to the general trends observed for the different feeding groups is the litter-feeding Cornitermes sp., where the predominance of Firmicutes in the P1 compartment (39%) and of Spirochaetes (47%) and TG3 phylum (10%) in the P3 compartment resemble the patterns in the wood-feeding termites, whereas the large abundance of Firmicutes (35%) and Bacteroidetes (36%) in the P4 compartment matches the patterns encountered in the humus-feeding species.
Community similarity between homologous compartments
These phylum-level trends were substantiated by a detailed classification-independent comparison of all datasets with the weighted UniFrac metric. Ordination analysis revealed a high similarity of bacterial community structure among homologous gut compartments, each of which formed two distinct clusters that mostly contained representatives from the same diet group (Fig. 2A) . Hierarchical cluster analysis of the same dataset confirmed the clear separation of compartment-specific communities for termites feeding on humus or soil (Fig. 2B) . Here, community structure was always more similar between homologous gut compartments of different species than between consecutive compartments of the same species. In wood and grass feeders, however, this was true only for the P3 compartment. A notable exception was the litter-feeding Cornitermes sp., whose P1 and P3 compartments clustered with those of wood and grass feeders and whose P4 compartment clustered with those of humus and soil feeders (Fig. 2B) .
Compartment-specific bacterial lineages
Compartment-specific similarities were also observed in the distribution and abundance of bacterial populations at the genus level and revealed high levels of similarity among the homologous compartments of humus-feeding termites and between humus-feeding and soil-feeding termites (Fig. 3) . As in the classifications-independent analysis, wood and grass feeders showed a strong compartment-specific signal only in the case of the P3. In the wood-feeding M. parvus, community structure in the P4 compartment was more similar to the homologous compartments of humus feeders, particularly Promirotermes sp. and Neocapritermes taracua, than to members of its own feeding group (Fig. 3) . By contrast, community similarity between neighboring hindgut compartments of the same termite species was Table 1 . Distances between the samples are significantly explained by diet (MRPP, P < 0.01) and by compartment homology (within the same diet group; MRPP, P < 0.01). Table 1. typically much lower than between the homologous compartments of different species. Notable exceptions were the high community similarities among consecutive gut compartments of Trinervitermes sp. (P1-P3-P4), Cornitermes sp. (P1-P3) and Ne. taracua (P3-P4).
When we focused on the 20 genus level taxa that contribute most to the loading factors in the PCA of community structure, it was possible to identify particular bacterial lineages that were consistently associated with homologous gut compartments of termites from the same diet group (Fig. 4) . The P1 Table 1 . For detailed results on the taxonomic composition of the entire communities, see Table S2 (Supporting Information).
compartments of all humus-and soil-feeding termites were typically dominated by several genus-level taxa from Ruminococcaceae and Lachnospiraceae. The most predominant bacterial taxon in the P1 compartment of both humus-and soil-feeding termites was Candidatus Arthromitus, which formed 15%-28% of the total reads among the hosts. However, other taxa such as Robinsoniella insect cluster (Lachnospiraceae) and Cubitermes cluster A (Porphyromonadaceae) were only abundant in the P1 compartments of soil feeders and humus-feeding Promirotermes sp. (and not in other humus feeders).
The P4 compartment of humus feeders was typically associated with a higher proportion of Ca. Armantifilum (Bacteroidales Cluster V; accounting for 4%-14% of the reads) than other diet groups (with the exception of wood-feeding M. parvus). About 1%-2% of the reads from the P4 compartments of both humus and soil feeders could be assigned to Endomicrobium (with the exception of C. ugandensis). Because these reads originated from flagellate-free higher termites, these endomicrobia represent potentially free-living relatives of flagellate endosymbionts in lower termites (Ikeda-Ohtsubo, Faivre and Brune 2010). Particularly among termites feeding on wood or grass, compartmentspecific trends in the distribution of bacterial populations in homologous compartments could be observed at the family level, which fell apart at higher taxonomic resolution. One example is the large proportion of reads from the P1 compartment of the wood-feeding M. parvus and N. corniger that were assigned to Erysipelotrichaceae (24% and 17% respectively; Fig. 4 ; Table S2 ), but consisted almost exclusively of the genus Holdemania in the case of M. parvus or Turicibacter in the case of N. corniger. Similarly, the populations of Fibrobacteres subclusters I and TG3 phylum subcluster III in the P3 compartments of these termites each consisted of distinct genus-level lineages (Fig. 4) .
Another example of compartment-specific trends that are limited to the family level is Treponema I, which was found to be the predominant family level taxon (54%-75% of the reads) in all termites feeding on sound lignocelluloses. However, the genus-level lineages within Treponema I that were preferentially enriched differed between wood-feeding and grass-feeding termites. The genus level Treponema Ic was the most abundant (34% and 46%) lineage in the P3 compartments of wood-feeding M. parvus and N. corniger, but formed only a smaller proportion (8%) of the reads in grass-feeding Trinervitermes sp. Contrastingly, Treponema If represented <14% of the reads from the P3 compartments of the wood feeders, but was the major (30%) Treponema I lineage in the grass-feeding species.
To test whether the compartment specificity extends beyond the genus level, we conducted a phylogenetic analysis of the OTUs representing Ca. Arthromitus, a wall-associated filamentous bacterium found in the guts of many arthropods (Thompson et al. 2012) . Our analysis showed that each host harbored multiple phylotypes of this symbiont, which preferentially clustered with representatives from homologous hindgut compartments of the same diet group (Fig. 5 ). An exception was a clade specific for the P4 compartment, which comprised phylotypes from four different termites that represented all feeding groups. The compartment-specific distribution of Ca. Arthromitus phylotypes suggests that different members of this genus-level lineage must have developed specific adaptations to the physicochemical conditions prevailing in their respective microhabitats.
DISCUSSION
Our spatially and taxonomically highly resolved analysis of the bacterial microbiota across a wide range of higher termites revealed the presence of distinct communities in each of the major hindgut compartments. Despite the high degree of similarity between homologous gut compartments of termites from different lineages, which indicates that community structure is determined by the same environmental factors, the major feeding groups are separated by characteristic patterns. We will discuss how environmental factors such as intestinal pH, oxygen status and residence time of digesta, but also changes in niche space effected by different diets, might act as drivers that shape the structure of the complex microbial communities in the highly compartmented guts of higher termites.
Compartment specificity and similarity of homologous compartments
The strong differences between the bacterial communities of consecutive gut compartments in all termite species investigated and the surprising convergence of community structure among homologous gut compartments of species from different subfamilies strongly suggest a formative role of the environmental conditions prevailing in the respective microhabitats. One of the key determinants of gut community structure in higher termites is most likely the intestinal pH. The high alkalinity of the anterior hindgut, which was first observed by Kovoor (1967b) in Microcerotermes edentatus, seems to be characteristic of all higher termites except the ancestral Macrotermitinae (Bignell and Eggleton 1995) . The alkaline region of the hindgut is generally limited to the P1 compartment in wood and grass feeders but may include the P3 compartment in termites feeding on soil or humus (Bignell and Eggleton 1995; Brune and Kühl 1996; Köhler et al. 2012) . The highest alkalinity reported was among soil feeders of the Cubitermes group, where values in P1 and P3 compartments surpassed pH 12 and pH 10, respectively (Brune and Kühl 1996) . It has been proposed that the increased pH in the anterior hindgut plays an important role in the digestion of lignocellulose and soil organic matter because it promotes autoxidative processes that cleave lignin-carbohydrate complexes and effects solubilization and chemical modification of humic substances (e.g., Kappler and Brune 1999; Ji and Brune 2001; reviewed by Brune 2014) . The decline in microbial cell counts in the most alkaline compartments of higher termites and corresponding shifts in the relative abundance of different morphotypes (Bignell, Oskarsson and Anderson 1980; Schmitt-Wagner et al. 2003a) suggests that gut alkalinity strongly affects the viability of the transient microbiota and selects for lineages that are adapted to colonizing this microhabitat. Therefore, it is likely that the phylogenetically diverse lineages of Clostridiales (Ruminococcaceae and Lachnospiraceae) that are characteristically enriched in the P1 compartments of all termite species investigated (SchmittWagner et al. 2003a,b; Thongaram et al. 2005 ; this study) represent alkali-tolerant or even alkaliphilic bacteria. This interpretation is reinforced by the observation that members of the same lineages were detected not only in the alkaline P3 compartments of soil and humus feeders but also in the alkaline midguts of humivorous Pachnoda scarab beetle larvae (Egert et al. 2003; Andert et al. 2010) . Their abrupt decline in the neutral P3 compartment of wood and grass feeders (Thongaram et al. 2005 ; this study) contributes to the strong differences in community structure between the P3 compartments of the respective feeding groups.
The lineages of Fibrobacteres (termite cluster I), TG3 phylum (termite cluster III) and Spirochaetes (Treponema lineages Ic and If) that are associated with the wood particles in the P3 compartments of Nasutitermes spp. (Mikaelyan et al. 2014) are abundantly represented also in the homologous compartments of other wood-and grass-feeding termites species. While their presence in the P3 compartments of different host lineages suggests a convergent response to a fiber-rich diet, their low abundance in the P1 compartments may reflect either their sensitivity to alkaline conditions or the necessity of an alkaline pretreatment of the wood prior to microbial colonization. Conversely, their decline in the P4 compartment is most likely caused by the strong decrease in colonizable wood particles in this compartment (Yoshimura, Tsunoda and Takahashi 1996) .
In addition to progressive changes in the availability and recalcitrance of the polysaccharide component of lignocellulose during gut passage (Tokuda et al. 2012) , another factor distinguishing the hindgut compartments is the retention time of digesta. Kovoor (1967a) determined the overall time of intestinal transit in the wood-feeding M. edentatus with 24 h, but noticed that the food bolus reaches the hindgut already after 4 h, stays in the P1 for 4-5 h, in the P3 for 8-12 h and finally passes through P4 and P5 within 2-3 h. In the soil-feeding termites, gut passage is even slower (36-48 h in Procubitermes aburiensis; Bignell, Oskarsson and Anderson 1980) , and strong differences in volume indicate divergent residence times in each compartment. In a three-stage continuous culture system that mimicked the proximal, transverse and distal regions of the human colon, retention time had a strong impact on bacterial community structure (Child et al. 2006) .
The situation is complicated by the secretion of potassium ions in the mixed segment and their resorption in the posterior P3. According to the model proposed by Bignell et al. (1983) and Bignell (2011) , the resulting circulation of water causes a posterior flow of gut fluid that is much faster than the movement of particles, exerting a selective pressure that favors highly motile or surface-associated microbiota. The abundance of filamentous life forms, such as members of Ca. Arthromitus, attached to the gut wall of termites and cockroaches, and their frequent colonization by rod-shaped bacteria (Thompson et al. 2012) , may be a response to prevent washout. In soil-feeding termites, cuticular spines and their associated bacterial filaments form a matrix across the lumen of the P4 compartment (Bignell, Oskarsson, and Anderson 1979) that may allow bacteria with lower growth rates to persist in an environment characterized by high flow rates.
The microbial activities in the different hindgut compartments of higher termites are not only reflected in the respective metabolite profiles (e.g. Köhler et al. 2012; Ngugi and Brune 2012) but also give rise to steep radial gradients of oxygen, hydrogen and possibly other metabolites (Brune, Emerson and Breznak 1995; Schmitt-Wagner and Brune 1999; Kappler and Brune 2002; Köhler et al. 2012) . It has been hypothesized that the [FeFe] hydrogenases and putative [FeFe] hydrogen sensors of Treponema primitia, whose homologs are abundantly represented in the metagenome of the P3 compartment of Nasutitermes corniger (Warnecke et al. 2007) , are not only involved in reductive acetogenesis but also help the spirochetes to find an optimal position in the hydrogen gradients (Ballor, Paulsen and Leadbetter 2012) . Population genomes of Candidatus Fibromonas termitidis and related members of uncultured Fibrobacteres from other higher termites encoded not only hydrogenases and putative hydrogen sensors but also an entire respiratory chain with a high-affinity cytochrome bd oxidase (Rahman et al. 2016; C. Dietrich and A. Brune, unpublished results) , which are absent from their distant but obligately anaerobic relatives from the cow rumen and likely represent specific adaptations to the environmental factors prevailing in their microhabitat (Brune and Dietrich 2015) .
Differences between major feeding groups
Despite the similarity of the bacterial communities in homologous gut compartments, there are clear differences that separate representatives of the major feeding groups (wood and grass feeders vs. humus and soil feeders). The differences in alkalinity between the P1 and P3 compartments can explain the abundance of alkali-adapted lineages (see above), but other environmental factors likely determine the distribution of other bacterial groups.
One of the most prominent drivers of community structure seems to be the type of substrate available to the microbiota. The putatively fiber-associated lineages (see above), which are abundantly represented in the P3 compartments of Nasutitermes and Microcerotermes species (feeding on wood) and of Trinervitermes and Cornitermes species (feeding on dry grass or grass litter), are less frequent or absent in termites with more humified diets. Instead, these termites show an increased abundance of Firmicutes, primarily members of Ruminococcaceae and Lachnospiraceae (Mikaelyan et al. 2015a ; this study). In addition being influenced by pH variation, the fundamental differences in the distribution of bacterial lineages between these major feeding groups might be caused by qualitative and quantitative differences of the available substrates.
In contrast to termites feeding on sound lignocellulose (i.e. wood or grass), the gut contents of humus feeders is characterized by a substantially decreased proportion of plant fiber (Sleaford, Bignell and Eggleton 1996; Donovan, Eggleton and Bignell 2001) . Feeding trials have shown that the lignocellulose content of artificial diets strongly affects bacterial community structure in the hindgut of the wood-feeding N. takasagoensis, particularly the relative abundances of Fibrobacteres, Spirochaetes, TG3 phylum and Firmicutes (Miyata et al. 2007) . Although these lineages are absent from humus and soil feeders, their hindguts harbor both cellulolytic and xylanolytic activities (Rouland and Chararas 1986; Ji and Brune 2001) . However, the xylanase genes detected in the metagenome and metatranscriptome of the dung-feeding Amitermes wheeleri are mostly of clostridial origin (He et al. 2013) , which suggests that the clostridial lineages prevailing in the P3 compartments of all humus and soil feeders so far investigated may be responsible for the digestion of residual polysaccharides in their diet.
Another important factor that separates the two major feeding groups is the nitrogen content of the diet. Termites feeding on sound wood are strongly nitrogen limited, and their gut microbiota is involved in the fixation and assimilation of atmospheric nitrogen and in the recycling of nitrogenous wastes . High rates of nitrogen fixation have been reported for Nasutitermes species (Prestwich, Bentley, and Carpenter 1980) , and the close relationship of the nifH genes of their gut microbiota to homologs of nitrogen-fixing termite gut treponemes (Ohkuma, Noda and Kudo 1999; Lilburn et al. 2001) suggests that spirochetes in wood-feeding higher termites play an important role in the acquisition of nitrogen. Support for this assumption is provided by the abundance of nitrogenase genes in metagenomic datasets from the P3 compartments of wood-feeding Nasutitermes spp., which were mostly assigned to Spirochaetes and Fibrobacteres (Warnecke et al. 2007; He et al. 2013) , implicating also other fiber-associated bacteria in this important process.
By contrast, termites feeding on humus or soil thrive on a nitrogen-rich diet and exhibit only low rates of nitrogen fixation (Tayasu et al. 1997; Yamada et al. 2006) . The true soil feeders of the genus Cubitermes have been shown to mobilize nitrogenous soil components (Ji, Kappler, and Brune 2000; Ji and Brune 2001) and excrete large amounts of ammonia as metabolic waste product (Ji and Brune 2006; Ngugi and Brune 2012) . The microbiota in the posterior hindgut compartments of Cubitermes and Ophiotermes species catalyzes processes such as denitrification, nitrate ammonification and the anaerobic oxidation of ammonia, which have not been observed among wood-feeding termites (Ngugi, Ji and Brune 2011; Ngugi and Brune 2012) . Although the organisms catalyzing these reactions remain unknown, their presence may contribute to the convergence of bacterial community structure in the P3 and P4 compartments of humus and soil feeders.
CONCLUSION
In a recent study with germ-free cockroaches, we had experimentally demonstrated that the assembly of their hindgut microbiota is deterministic (Mikaelyan et al. 2016) . However, the particular factors driving community structure in insect guts remained unclear. Since the hindguts of higher termites (Bignell and Eggleton 1995; Brune, Emerson and Breznak 1995; Köhler et al. 2012 )-in terms of compartmentation and environmental heterogeneity-are much more diverse than cockroach guts (Bauer et al. 2015; Tegtmeier et al. 2016) , they provide an excellent opportunity to test whether differences in microenvironmental conditions result in different bacterial communities. The high specificity of the bacterial communities in the different gut compartments of higher termites and the convergence of community structure in homologous compartments of distantly related hosts provide strong evidence that communities are shaped by the environmental factors prevailing in the respective microhabitats. Furthermore, our results explain the distinct diet-specific patterns observed in the hindgut microbiota of higher termites (Mikaelyan et al. 2015a) . The clear separation in the distribution of bacterial taxa among the homologous gut compartments of the two major feeding groups indicates different functions in the digestive process. This provides the basis for metagenomic analyses of the compartment-specific communities and their roles in the complex process of lignocellulose and humus digestion.
